collagen within scarred glomeruli. Both vimentin and desmin appeared within the walls of the renal arterioles Background. Myofibroblasts have been implicated in the pathogenesis of wound healing and tissue fibrosis. and increased with time from day 7 and 15, respectively. Vimentin was also expressed in the peritubular A role has also been put forward for these cells in the development of experimental and clinical renal capillaries of remnant kidneys. By contrast, a-SMA, normally present in the media of arterioles, decreased scarring. Subjects and methods. We examined the expression of as arteriolar sclerosis progressed. These changes cannot be exclusively attributed to systemic hypertension as myofibroblast phenotypes by immunohistochemistry, relying on an avidin-biotin-peroxidase method, during they were absent in a group of age-matched, shamoperated, spontaneously hypertensive rats. the course of renal scarring in rats submitted to subtotal (5/6) nephrectomy (SNx). We also attempted to Discussion. Myofibroblasts may play a role in the pathogenesis of glomerulosclerosis, tubulointerstitial identify changes in immunoreactive transforming growth factor-b ( TGF-b) and collagen ( III and IV ) fibrosis and vascular sclerosis. Further, the acquisition of new myofibroblastic phenotypes by glomerular and within remnant kidneys in order to determine their association with the expression of the myofibroblasts. tubular cells may contribute to renal fibrosis. Results. In normal sham-operated rats, a-smooth
glomerulonephritis in rats [3 ] and humans [5, 7] . In 6) 7,15, 21, 30, 90 and 150 days after SNx. Sham animals both, the number of interstitial cells expressing a-SMA (n=6) were sacrificed on days 0, 30 and 150. The SHRs predicts the renal functional outcome [3, 5] . Phenotypic were sacrificed at the end of the experiment. For Wistar SNx modulation of mesangial and interstitial cells to express rats and their sham control, rats' weight, systolic blood a-SMA appears to be an early feature of progressive pressure, serum creatinine and 24-h proteinuria were measrenal scarring. ured on days 0, 7, 30 and 150. For SHRs, their functional Myofibroblasts or activated fibroblasts transiently and histological parameters were only assessed at sacrifice express a wide range of phenotypes when activated to on day 150. Systolic blood pressure was measured in anaesparticipate in wound healing [8, 9] . These often involve thetized rats by a tail-cuÂ plethysmography method (Harvard Instruments, UK ). Proteinuria was measured according to the expression of cytoskeletal proteins such as a-SMA, the Biuret method. Serum creatinine was measured by standdesmin and vimentin [8 ] . The acquisition of cytoard autoanalyser technique ( Monarch 2000, UK ). plasmic a-SMA by fibroblasts allows them to migrate At sacrifice, the rats were deeply anaesthetized and had and participate in wound contraction during healing. their body and remnant kidney weights estimated. For histo-
The expression of intermediate filament proteins logical evaluation, 2-4-mm thick slices were fixed in formal-(desmin and vimentin) may reflect the diÂerentiation calcium ( 4% paraformaldehyde and 2% calcium chloride, of these cells during wound contraction, healing and pH 7.4) and paraÃn embedded for histological and scarring [8] [9] [10] . Changes in the glomerular expression immunocytochemical examination. of intermediate filaments have been reported in experimental nephrosis [11 ] and in diseased human glomeruli [12] .
Estimation of renal scarring This study has been designed to identify and charac-
The extent of renal scarring following SNx was determined terize the various phenotypes of fibroblasts/myofibroby one of the authors ( EC M-K) blindly, using morphometric blasts that may be involved in the progression of analysis based on point counting procedures to measure experimental renal scarring. As transforming growth volume densities ( Vv) [15] . For this, dewaxed sections stained factor-b (TGF-b) is the single most fibrogenic renal with Masson's trichrome stain were used. Transverse sections growth factor [13] and is also involved in the activation of the kidney which passed through the papilla were selected. of myofibroblasts in vivo and in vitro [14 ] we have These were viewed down a light-microscope with a ×40 flat attempted to determine its relationship to these cells field objective. A squared lattice of 25 points with a surface within scarred rat kidneys.
area of 0.016 mm2 was superimposed onto the tissue via a drawing tube and the data collected from a series of adjacent fields extending perpendicularly from the cortex to the junction between the outer and inner stripe of the outer medulla.
Subjects and methods
Two such linear series of 9-12 fields were measured per section and two stained sections per kidney analysed.
Animals
The volume density ( Vv) of the components of renal tissue (glomeruli, tubules, and interstitial matrix) was determined. Male Wistar rats 10-12 weeks of age and weighing 300-350 g Points falling on damaged glomeruli were scored separately (SheÃeld University strain) as well as gender-and age-from those on normal glomerular tissue. Glomeruli (Gs 0 ) matched spontaneously hypertensive rats (SHR) (Charles were considered damaged if there were signs of mesangial River, UK) were used. These animals were housed 2-3 to a expansion (Gs 1 ), mild (<50%) glomerulosclerosis (Gs 2 ) or cage at a constant temperature ( 18°C) and humidity (45%) severe (>50%) glomerulosclerosis (Gs 3 ). Similarly, damaged on a 12-h light/dark cycle. They were fed ad libitum on tubules were scored separately from normal ones ( Ts 0 ). standard laboratory rat chow ( Labsure Ltd., March, Tubules were considered damaged if they showed signs of Cambridge) and had free access to tap water. All experiments mild ( Ts 1 ), diÂuse (Ts 2 ) tubular atrophy, or severe tubular were carried out according to the rules and regulations laid atrophy and dilatation ( Ts 3 ). Changes in the renal interstitdown by the Home OÃce ( Animal Scientific Procedure Act ium were also recorded with ECM 1 representing interstitial 1986, UK ). oedema and ECM 2 attributed to areas of interstitial fibrosis. Volume density ( Vv) estimates were converted to absolute volumes per kidney ( mm3/remnant kidney) by reference to Experimental protocol cortex:medulla ratios established by point counting and the wet weight of the remnant kidney, assuming the specific A one-stage subtotal nephrectomy (SNx) was undertaken on a total of 36 rats. This involved a partial left nephrectomy gravity of the tissues to be 1.0 [15 ] . Results are expressed as percentage (%) of structures in each category as derived from ( ligation and resection of the upper and lower poles) and a right nephrectomy [15] . Care was taken to retain the adrenal volume densities.
Vascular sclerosis ( Vs) was quantified according to an glands, their blood supply and venous drainage. The amount of renal tissue resected from the left as well as the right arbitrary score ( 0-3) attributed to periodic acid-SchiÂ (PAS) stained sections, where 0 was normal vessels (arteries and kidney were weighed in order to calculate the estimated weight of the remnant kidney. Control rats (n= arterioles), Vs 1 =expansion of vascular adventitia, Vs 2 = intimal hyperplasia or mild myonecrosis (PAS positive lesions 18 ) underwent a sham operation which involved deep anaesthesia followed by exposure and manipulation of the within <50% of the vessel's circumference), and Vs 3 = extensive vascular myonecrosis >50% of the vascular wall. kidneys. An additional group (n=6) of male age-matched SHRs also underwent a sham operation. This group was The results of vascular sclerosis ( Vs) were expressed as percentage of various degrees of Vs within given remnant included to control for the eÂect of systemic hypertension on the expression of cytoskeletal proteins by the kidney. kidney.
Each primary antibody was applied and stained with either Immunohistochemistry AEC, which gives a red stain, or DAB with nickel, which gives a black stain to completion except for the counterstain Kidney tissue was fixed with formal-calcium (pH 7.4), overbefore the second primary antibody was processed. Double night, 4°C. Tissues were subsequently embedded in paraÃn staining appears as a brown colour (combination of the red wax, sectioned at 4 mm and the sections mounted on gelatinand black). Finally, the sections were counterstained in ized slides. Dewaxed, hydrated sections were processed as haematoxylin (1510) and mounted in Glycergel as detailed before, then microwaved in citrate buÂer (pH 4.0) for 5 min above. at high power, cooled, and rinsed thoroughly in distilled
This method was applied for three specific purposes: (1) water, then 5 min in PBS and stained as previously described to determine the phenotypes of interstitial myofibroblasts [ 15] . The microwaving step was included as it proves neces-(A, V or VA); (2) to co-localize myofibroblasts ( A) and sary to elicit the detection of vimentin in normal rat kidneys.
TGF-b. For collagen immunohistochemistry, an additional step involThis technique was only applied on selected sections from ving trypsinization (0.1% trypsin in citrate buÂer pH 4.0 ), remnant kidneys from days 30, 90 and 150 where previous was employed to ensure the accessibility of the ECM protein individual immunostaining showed the presence of the relevantigens to the antibodies. Subsequently, sections were incubant interstitial antigens. ated with the primary antibody diluted with phosphatebuÂered saline (PBS )/bovine serum albumin ( BSA) overnight (4°C, in a humid atmosphere). Thereafter the sections Antibodies were treated using an avidin-biotin peroxidase procedure ( Vector ABC Elite staining kit, Vector Laboratories, Monoclonal mouse anti-a-SMA was a gift from Professor Peterborough, UK) with 3-amino 9 ethyl-carbazole as sub-Gabbiani [16 ] . The specificity of the monoclonal antibody strate (giving a red end colour) ( AEC substrate kit, Vector to a-SMA 1 has been previously established as it was raised Laboratories) or 3,3∞diaminobenzidine tetrachloride ( DAB) to an NH 2 -terminal synthetic decapeptide of a-SMA [16 ] . with nickel (giving a black colour) ( Vector Laboratories, This antibody has been shown to detect a-SMA with equal UK ), counterstained with dilute haematoxylin (Shandon specificity in tissues of rats and humans [2] [3] [4] 33 ] . Southern Ltd. Runcorn, UK ) and mounted with an aqueous
Monoclonal mouse anti-swine vimentin (Dako, UK) [17] . mounting medium, (Glycergel, Dako Patts, High Wycombe, Monoclonal mouse anti-human desmin (Dako, UK ) [18] . UK ). Both qualitative and quantitative assessment of the AÃnity purified polyclonal goat anti-mouse collagen ( III immunostain was undertaken (see below).
and IV ) antibodies were used (Southern Biotechnology, Control sections were incubated with non-immune mouse UK ) [ 19] . gammaglobulin (Dako Patts)with an inappropriate antibody A polyclonal anti-TGF-b (against TGF-b 1,2 and 3 ) ( R ( polyclonal rabbit anti-human IgG), or by omitting the & D Systems, UK ), which has also been previously primary antibody. For TGF-b, preabsorption was under-described [15] . taken as previously described to establish the specificity of the antibody [ 15] .
Quantitative assessment of immunohistochemical staining Double immunostaining method
This was undertaken by one of the authors ( EC M-K) blindly, relying on a standard morphometric analysis based For the simultaneous detection of two antigens we applied a double immunostaining technique. This consisted of a 1-day on point counting [20 ] . As with the morphological analysis of scarring described above, a squared lattice ( 25 points with immunohistochemical procedure similar to that described above but with shorter incubation periods of 30 min at a surface area of 0.016 mm2) was superimposed onto the tissue via a drawing tube and the data collected from a series controlled temperature; 37°C in an incubator, for all proteins ( primary and secondary antibodies, avidin-biotin complex). of adjacent fields extending perpendicularly from the cortex to the medulla. The percentage points falling on immunostained structures (cells or interstitium) was estimated. This method was applied to the quantitative assessment of the interstitial and glomerular immunostain of cytoskeletal proteins. For vascular immunostain, the percentage of vessels stained was counted.
Statistical analysis
Results are expressed as means±standard deviations. Sets of results were compared using a one-way analysis of variance ( ANOVA) routine with Bonferroni correction for multiple comparisons. The morphometric estimates of kidney components were tested for linear trends. In all statistical tests, a probability value of <005 was taken as significant.
Results

General observations
The remnant kidney nephropathy followed the expected course with increasing proteinuria, systemic hypertension and a progressive decline in renal function ( Table 1 ) . Four rats were sacrificed between days 90 and 150 as they were clearly suÂering from end-stage renal insuÃciency. This was confirmed biochemically as their serum creatinine before sacrifice was: 432±78.7 mmol/l. The data from these rats was incorporated with that of rats sacrificed on day 150 for all the analyses throughout the paper. The renal function of the spontaneously hypertensive rats (SHR) was normal at sacrifice and their blood pressure comparable to that of SNx rats on day 150 ( Table 1) .
Morphometric analysis of scarring
Seven days after SNx, no change was evident within the glomeruli, but about 14.03±2.49% of the tubules showed evidence of mild, focal tubular atrophy (Ts 1 ) ( Table 2 ) , and the volume fraction of the extracellular matrix (ECMT ) had decreased slightly ( Table 2) . At 15 days the first signs of glomerular damage became evident with about 9.2±1.5% showing signs of mesangial expansion ( Table 2) . Days 21 and 30 were marked by increased evidence of focal and diÂuse tubular damage ( Ts 1 , Ts 2 ) and severe tubular atrophy and dilatation ( Ts 3 ) in some animals ( Table 2) . By day 90, however, diÂerent degrees of glomerular sclerosis were evident (Table 2 ) and by day 150 all glomeruli were damaged to a lesser or greater extent. Also at 150 days, most of the tubules (75.3±10.3% by volume) appeared atrophic ( Ts 3 ) and there was significant deposition of fibrous material within the extracellular matrix ( ECM 2 ) (64.54±15%) ( Immunohistochemistry (Figure 4b ) and the glomeruli ( Figures 1b and 1c ) . ( Figures 1c and 4c) . the media of the renal arteries and arterioles in normal kidneys ( Figures 1a and 4c) . In remnant kidneys, three Vimentin diÂerent patterns of a-SMA immunostain were noted. The first involved the glomeruli in a segmental fashion Vimentin immunostain was detected within the glomeruli of normal and SNx rats in a distribution compatible and appeared within 21 days from SNx. This immunostain was confined to areas within the mesangium and with visceral epithelial cells and to a lesser extent endothelial cells ( Figure 2a) . In remnant kidneys, increased with time ( Figures 1d and 4a) . With progressive renal scarring, a periglomerular accumulation of a-glomerular vimentin immunostain increased initially (days l5-30 ) ( Figures 2b and 4a ) before decreasing SMA-positive cells was also observed ( Figures 1b and  1c ) . In some glomeruli, it appeared as if these periglo-and becoming sparse in sclerosed glomeruli (Figure 4a ). Vimentin immunostain also appeared in merular myofibroblasts infiltrated the Bowman's space ( Figure 1c) and ultimately infiltrated the glomerular the interstitium (Figures 2c and 4b) and vessels of remnant kidneys. The peritubular distribution was tuft, preceding and possibly contributing to glomerulosclerosis ( Figure 1d ) . Glomerular a-SMA immunostain consistent with that of interstitial myofibroblasts although peritubular capillaries also became vimentin was absent from areas of complete glomerular obsolescence.
positive ( Figure 2c ). The interstitial staining appeared on day 30 in a distribution comparable to that of aThe second pattern of renal a-SMA immunostain was noted in the interstitium, where cells expressing a-SMA. Double immunostaining showed that some interstitial and periglomerular cells expressed both a-SMA SMA appeared from day 7 (Figures 1b and 4b ) . They preceded histological evidence of tubulointerstitial fib-and vimentin (Figure 5d ). Vimentin appeared within the media of vessels of remnant kidneys from day 7 rosis. They increased with time surrounding the tubules ( Figure 3a) . In remnant kidneys, there was an increased expression of immunostain for desmin in Collagen type IV visceral epithelial cells ( Figures 3b and 4a) and by day 150, the majority of glomeruli displayed strong epithe-In normal kidney, collagen type IV immunoreactivity was detected in a linear pattern along the tubular and lial desmin immunostain. No mesangial immunostain for desmin was detected. The second immunostain glomerular basement membranes, glomerular mesangium and renal arteriolar walls. There was no statistical pattern for desmin appeared by day 15 within the media of vascular walls ( Figure 3c and 4c) . Very few diÂerence in glomerular collagen IV immunostain between normal and SNx glomeruli until day 30 interstitial cells stained with the anti-desmin antibody on day 150. (Figure 6a ). By days 30-150, in scarred remnant kidneys, type IV collagen was detected widely in the In spontaneously hypertensive rats (SHR), the immunostain for the three cytoskeletal proteins studied interstitium and vascular walls and strongly in the glomerular mesangial areas of some glomeruli. This was comparable to that of normal Wistar rats with positive vascular staining for a-SMA and sparse stain was associated with glomerulosclerosis. The basement membrane stain also became more prominent. immunostain for desmin and vimentin.
8±1.5% compared to 005±0.01% on day 7 (P= 0.001). This type of immunostain reflected closely tubulointerstitial fibrosis (r=469, P=0.05). From day 30 onward, type III collagen was also observed segmentally in some sclerotic glomeruli.
Double immunostaining
Double immunostaining of myofibroblast identified a range of phenotypes including interstitial myofibroblasts staining for a-SMA alone (A), vimentin ( V ) alone, and others staining for a-SMA and vimentin ( VA). These were prominent from day 30 after SNx onward ( Figure 5d ) . Double immunostaining for myofibroblasts (a-SMA) and TGF-b showed them to be co-localized within the same area but not necessarily the same cells in the interstitium of scarred kidneys. On the other hand, some a-SMA positive interstitial cells clearly co-stained for TGF-b ( Figure 5c ).
Discussion
This study confirms the presence of myofibroblasts within scarred rat kidneys. It extends previous observations by defining a range of myofibroblasts phenotypes expressed within remnant glomeruli, interstitium, and vessels. The phenotypic modulation of glomerular mesangial, epithelial and endothelial cells was observed as some of these cells expressed a-SMA, desmin, and vimentin respectively. In the interstitium, cells expressing a-SMA were detected as early as the first week, while vimentin was expressed 30 days after the subtotal nephrectomy. This clearly preceded the development of significant tubulointerstitial fibrosis. Vascular hyalinosis and myonecrosis was preceded by, and associated with, the expression of vimentin and desmin within vascular walls.
The segmental nature of the immunostain for a-SMA within remnant glomeruli may be due to the staining of some mesangial cells or the infiltration of the glomerular tuft by periglomerular, interstitial, myofibroblasts. The phenotypic modulation of mesangial cells has previously been described, as the expression of a-SMA by these cells has been noted in rats with two diÂerent models of glomerulonephritis [2, 3] and in those with streptozotocin-induced diabetic nephropathy [21] . Further, a-SMA has been noted ides in humans [4, 5, 7] . On the other hand, our data suggest another source for intraglomerular a-SMA-positive cells derived from Collagen type III interstitial myofibroblasts. These appeared to accumulate in a periglomerular distribution and on occasions Immunoreactive collagen III was not detected in control rat kidneys. In contrast, it was detected in the infiltrate the Bowman's space and the glomerular tuft.
Such infiltration did not follow a mesangial distribution walls of extraglomerular vessels and in the interstitium from day 7 onwards (Figure 6b ). Interstitial immuno-and often preceded the appearance of interstitial type III, collagen within the remnant glomeruli and the staining became more widespread and increased to development of significant glomerulosclerosis. This we phenotypic modulation of glomerular epithelial cells is of particular interest as it is consistent with that have recently postulated, may be another pathway to glomerulosclerosis [22 ] and may explain the fact that obtained in rats made hypertensive by a continuous infusion of angiotensin II where glomerular epithelial severe tubulointerstitial changes and fibrosis often precede the onset of glomerulosclerosis.
desmin expression was also noted [18] . Whether, the expression of desmin by epithelial cells in these rats Normal rat glomeruli have been previously shown to express both desmin [11 ] and vimentin [23] ; desmin and in those submitted to subtotal nephrectomy is due to systemic hypertension and its transmission to the being found in glomerular mesangial [24] and epithelial [11, 12] cells, while vimentin was detected in glomerular glomeruli with stretching of glomerular epithelial cells remains to be determined. The absence of desmin endothelial, mesangial, and epithelial cells [12 ] . We noted the upregulation of vimentin within glomerular expression by the glomerular epithelial cells of spontaneously hypertensive rats (SHR) argues against an endothelial and epithelial cells. Our observation of exclusive role for systemic hypertension. However, it ( VA) has been associated with fibrosis and hypertrophic scars [8] [9] [10] . This is substantiated by our is known that systemic hypertension is not transmitted to the glomerular capillaries in SHR [25] , in contrast observations that these cells persist and increase throughout progressive renal interstitial fibrosis. A role to its transmission to remnant glomeruli following subtotal nephrectomy due to loss of autoregulation for these cells in the pathogenesis of renal fibrosis is suggested by double immunostain experiments where [26 ] . A direct eÂect of angiotensin II on epithelial cells cannot be excluded. Angiotensin II is also raised in TGF-b was detected within the cytoplasm of a-SMApositive cells. Further, the distribution of these cells rats with remnant kidneys [27 ] . Finally, increased glomerular epithelial expression of desmin has also paralleled the increase in type IV and III collagen within the perivascular and peritubular interstitial been reported in rats made nephrotic by a single injection of the aminonucleoside puromycin [11 ] . In spaces.
Vimentin-positive cells have also been noted within this model, as in the remnant kidney, [28] marked structural alterations in glomerular epithelial cells are some atrophic tubules. Whether these cells represent interstitial myofibroblasts migrating to replace atrophic known to take place. The phenotypic changes of mesangial and epithelial cells described above may tubular cells or whether this represents the acquisition of this intermediate filament protein by damaged tubucontribute to the development of glomerulosclerosis through a possible switch in glomerular collagen lar cells remain to be determined. Of interest, vimentin expression has also been reported in damaged and phenotype from type IV to the interstitial type III [29] .
The presence of interstitial cells expressing a-SMA regenerating proximal tubular cells in response to ischaemic injury [17, 30] . Further, the transdiÂerenti-and vimentin is reminiscent of our observations in rats with progressive glomerulonephritis, where these cells ation of renal tubular cells with the acquisition of fibroblastic characteristics has been suggested in experiappeared early, increased with time and surrounded the renal tubules and glomeruli [3 ] . At the same time, mental models of immune-mediated glomerular and tubular diseases [31 ] . TGF-b was also detected in the peritubular and periglomerular areas. The source of these interstitial cells
We also noted the activation or change in the phenotype of vascular cells. Vimentin immunostain remains unknown. Some have implied that they are derived from vascular myofibroblasts and adventitial increased within glomerular endothelial cells and appeared in the peritubular capillaries. Some cells pericytes whilst others have suggested that they are activated interstitial fibroblasts [1, 8] . The expression within the arterial/arteriolar media, normally expressing a-SMA exclusively, also stained for vimentin of a-SMA and vimentin appears transiently in myofibroblasts during wound healing [8] . They generally initially and and subsequently desmin. These changes preceded the onset of detectable vascular hyalinosis. disappear, probably through apoptosis, when the healing process has been completed. The persistence in With progressive vascular sclerosis a decrease in vascular a-SMA was noted. This is consistent with previous tissues of cells staining for both vimentin and a-SMA observations of decreased vascular a-SMA associated to the development of glomerulosclerosis [3, 5] . Their detection within scarred glomeruli along with interwith proliferating vascular smooth muscle cells and in advanced atherosclerotic vessels [1, 32] . Whether the stitial type III collagen is consistent with such a hypothesis. changes we observed in vascular immunostain for cytoskeletal proteins are secondary to systemic hyperThe identification of myofibroblasts during the course of experimental renal scarring attributes a role tension and its transmission to the remnant kidney remains to be determined. However, similar changes to these cells in that process. Our observation also raises the possibility that the glomerular phenotypic were not observed in SHR kidneys.
It has been suggested that cells expressing a-SMA changes characterized by the acquisition of fibroblastic characteristics may contribute to glomerulosclerosis and vimentin migrate from the vascular walls to the renal interstitium and contribute to tubulointerstitial during the course of experimental renal fibrosis. These observations may open the way to new therapies based fibrosis. This has been postulated in rabbits with experimental glomerulonephritis, where vascular on the manipulation of myofibroblasts and aimed at the prevention of renal fibrosis. Such approaches have adventitial cells synthesizing collagen were seen to infiltrate the renal interstitium [33 ] . Myofibroblasts already been applied with some success, relying on injections of c-interferon, in the prevention of skin have also been implicated in progressive renal interstitial fibrosis in rats with chronic anti-thy-1 glomerulo-fibrosis [35 ] . Whether similar interventions will prove protective in progressive renal scarring remains to be nephritis, as these cells were found to release transforming growth factor-b (TGF-b ) [34 ] . Our determined as initial observations in rats with experimental glomerulonephritis have been disappointing observations support such a hypothesis as we detected TGF-b within the cytoplasm of interstitial myofibrob- [36 ] . lasts. We have postulated that interstitial periglomerular myofibroblasts may infiltrate the glomeruli through Acknowledgements. The authors acknowledge the support of the National Kidney Research Foundation (Grant no R1/59/1995). adhesions or holes in Bowman's capsule and contribute 
